Increased amounts of reactive oxygen species (ROS) induce apoptosis in mammalian cells. PUMA (P53 up-regulated modulator of apoptosis), a mitochondrial proapoptotic BH3-only protein, induces rapid apoptosis through a Bax-and mitochondria-dependent pathway. However, the molecular basis of PUMA-induced apoptosis is largely not understood. Using a combination of biophysical and biochemical methods and PUMA-inducible colorectal cells, DLD-1.PUMA, we showed that (a) PUMA-induced apoptosis is dose and time dependent; (b) PUMA-induced apoptosis is directly associated with ROS generation; (c) diphenyleneiodonium chloride, a ROS blocker, or BAX-inhibiting peptide, a suppressor of BAX translocation, decreased ROS generation and apoptosis in DLD-1.PUMA cells; (d) overexpression of PUMA induced up-regulation (>1.34-fold) of peroxiredoxin 1 and down-regulation (by 25%) of stathmin through proteasome-mediated degradation; and (e) hydrogen peroxide down-regulated stathmin and disrupted the cellular microtubule network. Our findings indicate that PUMA induces apoptosis, in part, through the BAX-dependent generation of superoxide and hydrogen peroxide. ROS overproduction and oxidative stress induce proteome-wise alterations, such as stathmin degradation and disorganization of the cell microtubule network, in apoptotic cells. (Cancer Res 2005; 65(5): 1647-54) 
Introduction
Mitochondria-mediated apoptotic programmed cell death involves signaling pathways that induce various protein responses (e.g., posttranslational modification, conformational change, and interorganelle translocation of specific proteins), alteration of mitochondrial membrane permeability, release of apoptogenic factors (e.g., cytochrome c and apoptosis-inducing factor), and activate caspases (1) (2) (3) (4) (5) (6) . P53, a tumor suppressor protein, plays a pivotal role in regulating cell cycle arrest, differentiation, and apoptosis (7, 8) . The elevated expression of p53 leads to mitochondrial-mediated apoptosis, in part through the overproduction of reactive oxygen species (ROS; refs. [9] [10] [11] . Genes that are directly involved in the generation of ROS are induced in p53-mediated apoptotic pathways (8, 9) . For example, one of the p53-inducible genes, PIG6 or proline oxidase, when overexpressed in cancer cells, triggers ROS generation and apoptosis (12, 13) . Interestingly, ROS themselves are regulators of p53 and play roles downstream of mitochondria during destruction of the cellular components mediated by activated caspases (7, 14) . Interruption of ROS homeostasis is involved in the pathophysiology of cancer. Under normal circumstances, cells respond to oxidative insults by activating various antioxidant defense systems, such as antioxidant enzymes [e.g., superoxide dismutase (SOD), glutathione transferase, glutathione peroxidase, and catalase] and antioxidant proteins (e.g., thioredoxin, peroxiredoxin), to counteract the possible damage induced by oxidants (15, 16) . Several members of the Bcl-2 family are involved in ROS-mediated apoptosis (6, (17) (18) (19) (20) . For example, BAX, a proapoptotic protein and a p53 downstream target, has been shown to be involved in the induction of a pro-oxidant state and ROS generation in neurons. BAX gene dosage determines ROS levels during neuronal apoptosis (21, 22) . Another proapoptotic member and a direct p53 downstream target, PUMA (P53 up-regulated modulator of apoptosis), is inducible by exposure to DNA-damaging agents and by p53 overexpression and is essential for apoptosis induced by p53, hypoxia, and DNA-damaging agents (23) (24) (25) (26) . We previously showed that PUMA, a mitochondrial BH3-only protein, induces BAX-dependent apoptosis that relies on mitochondrial translocation and multimerization of Bax. Genetic disruption of BAX makes cells resistant to the apoptosis resulting from PUMA overexpression in colorectal cancer cells (26) . Furthermore, recent studies using PUMA knockout mice confirmed that PUMA is required for P53-dependent apoptosis (27, 28) .
Activation of p53 and p53 downstream targets by chemotherapeutic drugs (e.g., taxanes) alters functions of the microtubule network (29, 30) . For example, stathmin, a ubiquitous cytosolic phosphoprotein, is a regulator of the polymerization of microtubules. In its unphosphorylated form, stathmin promotes depolymerization of microtubules and enhances microtubule dynamics by increasing the frequency of catastrophes (31) . In addition, stathmin regulates cell cycle progression and its expression is up-regulated in a variety of cancers (e.g., acute leukemia and liver cancer; refs. 32, 33). Finally, two independent studies have shown that overexpression of p53 decreases stathmin expression through yet undefined mechanisms (34, 35) .
Using dihydroethidium staining and electron paramagnetic resonance (EPR) spectrometry, we observed ROS generation in PUMA-overexpressing cells. Overproduction of ROS in apoptotic PUMA-inducible colorectal cancer cells (DLD-1.PUMA) was further confirmed by blocking with diphenyleneiodonium, a ROS inhibitor, and BAX-inhibiting peptide. Employing proteomic methodologies, we showed that overexpression of PUMA increases expression of peroxiredoxin 1 and heat shock protein 70, two oxidative stresstriggered proteins, and decreases stathmin levels through a proteasome-mediated mechanism.
Materials and Methods
Chemicals and Reagents. The deuterium (D)-labeled amino acid [4, 4, 5, 5 -D4]lysine (Lys D4 ) was purchased from Cambridge Isotope (Andover, MA) as previously described (36, 37) . Doxycycline, diphenyleneiodonium, dihydroethidium, DMSO, hydrogen peroxide (H 2 O 2 ), formaldehyde, N-Acetyl-Leu-Leu-Norleu-al (ALLN), Hoechst 33258 and reagents used for proteomics analysis were purchased from Sigma (St. Louis, MO). Hygromycin B was purchased from EMD Biosciences (La Jolla, CA). a-MEM was purchased from Invitrogen (Carlsbad, CA). McCoy medium, DMEM, regular and dialyzed fetal bovine serum and antimicrobial reagents were obtained from Cellgro (Mediatech, Herndon, PA). Diphenyleneiodonium (2 mmol/L) and dihydroethidium (2 Amol/L) were dissolved in DMSO and kept at À20jC as stock solutions.
Cell Culture, In vivo Amino Acid-Coded Tagging of Proteome, and Induction of Apoptosis. PUMA-inducible human colorectal cancer cell lines, DLD-1.PUMA (p53 null) and the control cell line DLD-1.vector and PUMA antibody were kind gifts from B. Vogelstein (Johns Hopkins Cancer Center, Baltimore, MD) and were maintained as previously described (23). McCoy's 5A medium was supplemented with different concentrations of doxycycline, for example, 0 (D.0), 1 (D.1), 2 (D.2), and 5 ng/mL (D.5). For in vivo amino acid-coded tagging (AACT) of the proteome and for proteomic analysis, the DLD-1.vector or DLD-1.PUMA cells were first maintained in the a-MEM medium supplemented with 10% v/v dialyzed fetal bovine serum, and antimicrobial reagents in the presence of 20 ng/mL of doxycycline (D.20). For induction, DLD-1.PUMA cells were cultured in AACT-a-MEM, in which the normal lysine (Lys D 0 ) was completely substituted by Lys D4 as described previously (36, 37) . Near 60% confluency, the adherent cells were rinsed with PBS and refed with the induction medium (i.e., AACT-a-MEM without doxycycline) for 1 hour to induce PUMA and apoptosis. Human fibroblast cells (American Type Culture Collection, Manassas, VA) were maintained in DMEM medium supplemented with 10% fetal bovine serum, antimicrobial reagents, and 2 mmol/L L-glutamine.
Apoptosis Assay. Cells were plated on P100 plates and grown to 70% to 80% confluency in D.20 medium, rinsed with PBS, and refed with different induction media, D.0, D.1, D.2, and D.5. After incubation for various times, attached cells were harvested and counted using a hemocytometer. To confirm that cell death was due to apoptosis, total cells including floating cells were collected by centrifugation and stained with Hoechst 33258 (23) . Multinucleated cells observed under the fluorescence microscope (Olympus, Tokyo, Japan) were considered to be apoptotic cells.
Semiquantitative Reverse Transcription-PCR. To investigate PUMA expression in induced DLD-1.PUMA cells, semiquantitative reverse transcription-PCR (RT-PCR) was conducted. Total RNA was isolated from the indicated cells using Purescript (Gentra System, Minneapolis, MN). RT was conducted using random hexamers as primers and PCR was conducted using PUMA-specific primers and a standard protocol (23) . The primers were forward, 5V-TCCTCAGCCCTCGCTCTCGC-3V, and reverse, 5V-CCGATGCTGAGTCCATCAGC-3V .
Antioxidant and H 2 O 2 Treatment of Cells, Reactive Oxygen Species Detection, and Measurement by Dihydroethidium Staining and EPR Spectroscopy. DLD-1.PUMA and DLD-1.vector cells were grown in D.20 medium to 60% confluency and diphenyleneiodonium was added 8 hours before induction. The number of attached cells was determined 2 to 6 hours after culturing in indicated media.
To assay ROS generation in induced DLD-1.PUMA cells using the fluorescence dye dihydroethidium (38) , cells were plated on a glass slip in P25 plates in D.20 medium with or without 1 Amol/L diphenyleneiodonium. After incubation for 8 hours, cells were transferred to the indicated induction medium with or without 1 Amol/L diphenyleneiodonium. After incubation for 0, 30, and 90 minutes, dihydroethidium was added to the cell culture ( final concentration, 2 Amol/L). Cells were then incubated for an additional 30 minutes, washed twice with PBS, and fixed with 10% (v/v) PBS-buffered formaldehyde. Coverslips were mounted on glass slides, observed under a fluorescence microscope, and the images were captured using a digital camera (Olympus). For H 2 O 2 treatment, DLD-1. vector cells were grown on cover glasses, treated with 5 mmol/L H 2 O 2 for 1, 2 or 4 hours and observed under fluorescence microscope.
For EPR spectroscopy, DLD-1.PUMA and DLD-1.vector cells were cultured in D.0 or D.20 medium for 30, 60, and 120 minutes, harvested and transferred to PBS containing the spin trapping agent, 1-hydroxy-4-phosphono-oxy-2,2,6,6,-tetramethylpiperidine (PP-H) as previously described (39) . The EPR spectra of ROS were recorded using an Elexsys EPR spectrometer (Bruker, Wissembourg, France). The EPR settings for all the experiments were as follows: microwave frequency, 9.8 GHz; field sweep, 75 G; microwave power, 0.6 mW; modulation amplitude, 1.0 G; time constant 5 milliseconds; conversion time, 20.5 milliseconds; sweep time, 21 seconds; receiver gain, 60 dB as previously described (40) .
Inhibition of Reactive Oxygen Species Generation by BAX-Inhibiting Peptide. A cell-permeable peptide, BAX-inhibiting peptide (H-VPMLK-OH; EMD Biosciences) was used to determine if Bax is associated with the generation of ROS (41) . Stock solutions of BAX-inhibiting peptide and negative control peptide (H-IPMIK-OH, EMD Biosciences) were prepared in PBS and directly added into D.20 medium 1 hour before cells were treated with D.1 medium with the same concentration of BAX-inhibiting peptide or negative control peptide. The final concentration of peptide was 200 Amol/L. Two hours later, dihydroethidium staining was carried out as described above.
Quantitative Proteomics. Induced and AACT-labeled DLD-1.PUMA cells were mixed in equal numbers with uninduced and unlabeled DLD-1.PUMA cells and lysed in 1Â SDS-PAGE loading buffer. Total cell extracts were subjected to one-dimensional SDS-PAGE, isolation of protein bands, trypsin digestion, and peptide extraction. Proteomic liquid chromatography and QSTAR tandem mass spectroscopy analysis were carried out as previously described (36, 37) . We compared the peak areas of unlabeled and labeled peptides. Peptides that showed altered ratios in the paired unlabeled and labeled peaks were subjected to a sequence search (36, 37) .
Immunoblotting. Total cellular extracts from attached cells were obtained by dissolving the cells in radioimmunoprecipitation assay buffer solution (1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 0.01 mol/L Tris-Cl, 0.14 mol/L NaCl, pH 8.0). Protein concentration was determined using the bicinchoninic acid method (Pierce, Rockford, IL). Proteins were separated on a 10% SDS-PAGE (20 Ag protein/lane) and transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA) which were then incubated with primary antibodies to stathmin (Cell Signaling Technology, Beverly, MA), catalase (Calbiochem, San Diego, CA), SOD1 (Calbiochem), SOD2 (Calbiochem), a-tubulin (Sigma) and h-actin (Oncogene Research Products, La Jolla, CA), respectively. Subsequently, the blots were incubated with respective horseradish peroxidase-labeled secondary antibodies (Bio-Rad, Hercules, CA). a-Tubulin and h-actin were used as loading control. Proteins were detected using enhanced chemiluminescence (ECL+, Amersham) plus Western blotting detection system (Amersham Biosciences, Piscataway, NJ).
Inhibition of Proteasome Degradation. DLD-1.PUMA cells were pretreated in growth medium containing 20 Amol/L of ALLN for 6 hours and then subjected to PUMA induction by feeding the cells with the induction medium containing 20 Amol/L of ALLN as previously described (42) .
PUMA Adenovirus Infection. Construction, amplification and assaying for titers of PUMA adenovirus (Ad-PUMA), and viral infection of mammalian cells were done as previously described (26) . Human fibroblast cells were infected with control adenovirus or Ad-PUMA with a range of concentrations from 0.01 to 5 multiplicity of infection (or plaque-forming units per cell, which was estimated to be 0.2-100 virus particles per cell) for indicated times. Cell numbers and apoptosis were measured over time by cell counting and Hoechst 33258 nuclear staining (26) . Immunofluorescent Microscopy. DLD-1.PUMA, DLD-1.vector, or fibroblast cells were grown on glass coverslips, treated as indicated, fixed in 4% (v/v) paraformadehyde solution, blocked with 3% (w/v) bovine serum albumin (BSA), and then incubated in 3% BSA containing anti-a-tubulin antibody (1:2000) . Subsequently, coverslips were incubated in 3% BSA containing Texas Red-labeled secondary antibody (1:1000, Jackson Immuno Research, West Grove, PA), rinsed with HEPES-buffered saline, mounted (with or without DAPI staining), and subjected to fluorescent microscope analysis.
Statistical Analysis. Data are expressed as mean F SE. Comparison between experimental groups was made using Student's t test. A P value of <0.05 was considered statistically significant.
Results
PUMA Induces Dose-and Time-Dependent Apoptosis. Using ''Tet-off '' inducible DLD-1.PUMA cells, we previously showed that PUMA could induce a rapid, p53-independent (because DLD-1 cells are p53 null), BAX-dependent, and mitochondrial-mediated apoptosis in DLD-1 cells (23, 26) . Phenotypes in apoptotic DLD-1.PUMA cells include chromatin condensation, release of cytochrome c and activation of caspases 9 and 3 (23, 26) . However, the molecular mechanism underlying PUMA-induced apoptosis is not well understood. Because PUMA expression is regulated by the concentration of doxycycline in the medium, we reevaluated PUMA-induced apoptosis in DLD-1 cells in a dose-and timedependent manner for the determination of the optimal induction conditions for EPR and proteomics analyses (see below). DLD-1.PUMA cells were cultured in medium containing different concentrations of doxycycline for various times and assayed for apoptosis by Hoechst 33258 staining. For dose-dependent analysis, a cell growth curve was obtained using various doxycycline concentrations. As shown in Fig. 1A , the number of surviving cells decreased as the doxycycline concentration decreased. When the doxycycline concentration in the medium was <5 ng/mL, a statistically significant decrease in adherent cells was obtained (P < 0.05). Expression of PUMA in DLD-1.PUMA cells was examined using semiquantitative RT-PCR. As expected, PUMA expression decreased as the doxycycline concentration increased (Fig. 1B) . In the time course experiment, a significant decrease in the number of attached cells compared with control was obtained after cells were refed D.0 medium for 6 hours (Fig. 1C) . Semiquantitative RT-PCR showed a time-dependent increase (>3-fold) in PUMA expression as early as 20 minutes after induction (Fig. 1D) . Induction of PUMA was even more significantly increased (>8-fold) 60 minutes after, which was consistent with our previous observation of time course induction of PUMA at the protein level (23) .
Diphenyleneiodonium, a Reactive Oxygen Species Inhibitor, Partially Blunts PUMA-Induced Apoptosis and Reactive Oxygen Species Generation in DLD-1.PUMA Cells. To determine if PUMA-induced apoptosis was related to increased ROS generation, the effect of diphenyleneiodonium on cell survival was tested. Previously, diphenyleneiodonium, a ROS inhibitor and a potent antioxidant, has been shown to be an inhibitor of p53-induced apoptosis (9) . Our results showed that diphenyleneiodonium partially protected induced DLD-1.PUMA cells ( Fig. 2A ) and is consistent with the finding that diphenyleneiodonium blocks p53-induced ROS generation and apoptosis in DLD-1 cells (9) . Because it is an essential downstream effector of p53-mediated apoptosis, PUMA may play an important role in the induction of ROS generation. To further evaluate if diphenyleneiodoniuminhibited ROS generation could decrease PUMA-induced apoptosis, we first examined whether diphenyleneiodonium alone resulted in cytotoxicity of DLD-1.PUMA cells. We conducted a preliminary diphenyleneiodonium dose-dependent cytotoxicity experiment and found that >5 Amol/L of diphenyleneiodonium PUMA-Induced ROS Generation in Cancer Cell Apoptosis www.aacrjournals.org was toxic to DLD-1.PUMA (>50% of cell death; data not shown). Subsequently, a test was conducted to determine the ability of diphenyleneiodonium to protect induced DLD-1.PUMA cells. As shown in Fig. 2B, 1 
Detection of Reactive Oxygen Species Generation by Dihydroethidium Staining. We used two methods to directly detect the generation of ROS in PUMA-induced cells, namely dihydroethidium staining and EPR spectroscopy. In dihydroethidium staining, superoxide radicals were detected as early as 30 minutes after the cells were refed D.0 medium (Fig. 2C, D.0, a,  c, and e) . This result is consistent with the semiquantitative RT-PCR result that PUMA expression is induced as early as 20 minutes after induction (Fig. 1D, lane 2) . Furthermore, depending on the level of PUMA expression, significantly higher levels of superoxide radicals were detected in cells fed with D.0 (Fig. 2C, a, c , and e) than in cells fed with D.1 (Fig. 2C, g, i, and k) or D.20 (Fig. 2C, m, o, and q) . In cells in D.0 or D.1 medium, generation of superoxide radicals was time dependent and was markedly higher after 120 minutes induction than at 30 and 60 minutes (Fig. 2C , e and k versus a and g; e and k versus c and i, respectively). Following quantification of dihydroethidium staining intensity, we showed that diphenyleneiodonium inhibited the generation of superoxide radicals by f75% in cells in D.1 medium (Fig. 2C , h versus g, j versus i, and l versus k).
BAX-Inhibiting Peptide Ablates Reactive Oxygen Species Increase in PUMA-Overexpressing Cells. To investigate if BAX was important to PUMA-induced ROS generation and apoptosis, we utilized a BAX-inhibiting peptide, which sequesters BAX and blocks BAX translocation from the cytosol to mitochondria and prevents the formation of functional BAX complexes (41) . BAX-inhibiting peptide also provides cytoprotection against Bax-mediated apoptosis (41) . Previously, we showed that PUMA overexpression induced BAX oligomerization in mitochondria and apoptosis in DLD-1 cells (26) . In the present study, we cultured DLD-1.PUMA cells in D.20 + dihydroethidium or D.1 + dihydroethidium medium in the presence or absence of BAX-inhibiting peptide and examined the dihydroethidium staining intensity. As shown in Fig. 2D , BAXinhibiting peptide markedly inhibited (>90%) the generation of ROS in induced DLD-1.PUMA cells cultured in D.1 medium (Fig. 2D, e) when compared with those of the untreated cells or cells treated with negative control peptide (Fig. 2D, d and f ) . Taken together with the previous findings (26, 41) , these data suggest that the ROS generation through PUMA-overexpression is mediated by functional BAX.
Measurement of Reactive Oxygen Species Generation in DLD-1.PUMA Cells by EPR Spectroscopy. EPR in combination with spin trapping is the most specific and definitive method for (43) . The spin-trapping agent PP-H has been shown to react with superoxide radicals to produce stable intermediates (39) . Superoxide radicals trapped by PP-H display a standard three-peak pattern that can be observed in the range of 3460 to 3520 G ( Fig. 3A; ref. 39 ). EPR spectroscopy revealed that there were no ROS signals that could be detected in induced or uninduced DLD-1.vector cells or cells resuspended in PBS in the absence of PP-H (Fig. 3A) . In contrast, there was a significant increase of superoxide radicals (>1.6-fold) in DLD-1.PUMA cells fed with D.0 medium for 2 hours compared with control cells fed with D.20 medium (Fig. 3A and B) . ROS signals could be detected in induced DLD-1.PUMA cells as early as 30 minutes after induction (data not shown). The ROS signals that were detected in uninduced DLD-1.PUMA cells might be due to the leaky expression of PUMA.
Early Regulated Proteins in PUMA-Induced Apoptosis in DLD-1.PUMA Cells. Mitochondria-mediated apoptosis involves a variety of protein alterations (3, 4, 6) . To identify regulated proteins that might be influenced by early ROS generation and play important roles in this system, quantitative proteomic profiling of differentially regulated proteins of PUMA-induced versus uninduced DLD-1.PUMA cells was conducted. The results showed several proteins that were unchanged, up-regulated, or down-regulated 1 hour after PUMA-induced oxidative stress. As shown in Table 1 (see also Supplemental Fig. S1 ), cyclophilin A, chaperonin 10, a-tubulin, h-tubulin, and Cu/Zn superoxide dismutase 1 (SOD1) were unchanged; the expression of the oxidative stress-responded protein peroxiredoxin 1 was increased (>1.34Â). We also found that heat shock protein 70 (>1.48Â) and pyruvate kinase M2 (>1.39Â) were up-regulated. In the same experiment, we also found that stathmin and polyadenylic acid binding protein 1 were down-regulated (by 25% and 22%, respectively) in induced DLD-1.PUMA cells. To confirm and extend the observations of the proteomic analysis, we conducted immunoblotting assays and showed that there was no change in SOD1, SOD2, and catalase. In contrast, a decreased expression of stathmin was found as early as 40 minutes in cells cultured in D.0 medium (Fig. 4A) . To further investigate if PUMA-induced stathmin down-regulation was a general phenomenon, we turned to human fibroblast cells, a well-established model for studying stathmin and microtubule regulation (32) . We infected human fibroblasts with Ad-PUMA for 12 hours and showed that stathmin was down-regulated in PUMA-overexpressing fibroblasts (Fig. 4B) .
Down-regulation of Stathmin Is Mediated through Proteasome Degradation. In previous studies, stathmin has been shown to be down-regulated by p53 (34, 35) . Therefore, to investigate the molecular mechanism responsible for PUMA-induced stathmin down-regulation in DLD-1 cells, we reasoned that stathmin may be subjected to proteasome-mediated degradation in apoptotic pathway. We treated DLD-1.PUMA cells with a well-established proteasome inhibitor, ALLN (42) . We found that the levels of stathmin remained unchanged over a 2-hour time course in induced DLD-1.PUMA cells in the presence of 20 mmol/L ALLN (Fig. 4C) . These data suggest that stathmin down-regulation by PUMA overexpression is mediated through proteasome degradation. PUMA-Induced ROS Generation in Cancer Cell Apoptosis www.aacrjournals.org Down-regulation of Stathmin in H 2 O 2 -Treated Cells. Our proteomic profiling and immunoblotting analysis found that stathmin was one of the proteins down-regulated early (1 hour after induction of PUMA expression) in induced DLD-1.PUMA cells. To investigate if the down-regulation of stathmin was associated with high intracellular H 2 O 2 , time-dependent expression of stathmin was determined using immunoblotting analysis in H 2 O 2 -treated DLD-1.vector cells. As shown in Fig. 4D, a decrease (by 75%) in stathmin was confirmed in DLD-1.vector cells treated with 5 mmol/L H 2 O 2 for 1 hour (Fig. 4D) . In contrast, PUMA protein could not be detected in DLD-1.vector cells treated with 5 mmol/L H 2 O 2 over a course of 2 hours (Fig. 4D) , indicating that the level of endogenous PUMA is low in DLD-1 cells and there was no significant induction of PUMA in early H 2 O 2 treatment. In summary, these results indicate that expression of stathmin can be down-regulated by H 2 O 2 and does not require the presence of PUMA protein.
PUMA-Induced Reactive Oxygen Species Generation Promotes Disorganization of Cytoplasmic Microtubule Network in Apoptosis. We showed that PUMA overexpression induced both ROS generation and stathmin degradation. Stathmin and other microtubule regulatory proteins play important roles in regulating mitotic spindles (32) . Taken together, we reasoned that ROS and stathmin, and possibly other regulated proteins, may play roles in regulating cellular microtubule network in apoptosis. The relationship between stathmin status (e.g., phosphorylation, stability, and degradation) and microtubule network in apoptosis has not been explored previously. Therefore, we examined the organization of the cellular microtubule network by immunostaining using an antibody to a-tubulin. DLD-1 cells have large nuclei that occupy approximately two thirds of the cell volume. As shown in Fig. 5A , normal microtubules exhibited cytosolic, threadlike structures. In contrast, after treating cells with either PUMA overexpression or H 2 O 2 for 2 to 4 hours, microtubules displayed depolymerized and dispersed structures throughout the cytoplasm (Fig. 5A, c, d, g, and h ). These data suggest that ROS induce disorganization/disruption of the cellular microtubule network. We also investigated the effect of PUMA overexpression on microtubule network in human fibroblasts. We infected fibroblasts with Ad-PUMA and showed that PUMA overexpression also induced disorganization/disruption of cellular microtubule network in apoptotic fibroblasts (Fig. 5B, d and e versus a and b).
Discussion
To investigate if PUMA overexpression induced ROS generation, we used two different physical-chemical methods. The first, dihydroethidium staining, is a widely used method to detect the presence of ROS in cells. Using this method, we showed that overexpression of PUMA induced ROS generation. The second approach (EPR spectroscopy) confirmed this conclusion. EPR techniques are more specific and definitive than fluorescence dye assays in the detection of ROS, especially when they are used in conjunction with spin-trapping agents. EPR spectroscopy is quantitative (39, 40, 43) . To select a specific spin-trapping agent, there are many nitrone and nitroso compounds to choose from, depending on the nature of the specific reactive species. In our present study, we used a new, cyclic hydroxylamine, PP-H, which has been shown to react with superoxide radicals to produce the stable adducts. PP-H has superior sensitivity over 5-diethoxyphosphoryl-5-methyl-1-pyrroline-N -oxide (DEPMPO) for superoxide detection and can measure a 10-fold lower superoxide radical formation rate than DEPMPO (39) . Using PP-H in EPR spectroscopy, we found that our EPR methodology was sufficiently sensitive to detect intracellular ROS signals and confirm ROS generation in DLD-1.PUMA cells. PUMA-overexpressing and apoptotic cells showed a significantly higher ROS signal (>1.67-fold) compared with that of normal DLD-1.PUMA cells. As far as we know, this is the first verification by EPR analysis that overexpression of a proapoptotic gene induces ROS generation.
Three lines of evidence suggest that the predominant ROS generated by PUMA overexpression are superoxide radicals and H 2 O 2 . First, dihydroethidium has been proposed to preferentially interact with superoxide radicals (38) . Second, the spin-trapping agent PP-H used in our EPR analysis is sensitive in detecting superoxide radical. The EPR spectra showed a classic three-peak pattern of PP-H reacting with superoxide radical (Fig. 3A) . Third, proteomic profiling showed that peroxiredoxin 1 and heat shock protein 70 were up-regulated by PUMA-induced ROS generation and oxidative stress (Table 1 ; Supplemental Fig. S1 ). Previously, peroxiredoxin 1 has been shown to be induced by H 2 O 2 treatment in cancer cells (44) and human endothelial cells (45) . Therefore, we suggest that down-regulation of stathmin in apoptotic DLD-1.PUMA cells is related to superoxide and H 2 O 2 overproduction.
A wealth of literature has documented that the dynamics of microtubule polymerization and depolymerization during the cell cycle are regulated by stathmin. When unphosphorylated, stathmin promotes microtubule depolymerization during interphase and late mitosis (29) (30) (31) (32) 46) . In addition, Johnsen and colleagues (35) reported that down-regulation of stathmin expression is associated with G 2 -M cell cycle arrest and that constitutive overexpression of stathmin overcomes p53-mediated G 2 -M cell arrest. However, the role of stathmin and microtubules in apoptosis has not been previously explored. In the present study, we found that PUMA overexpression and ROS generation induced stathmin degradation and disruption of the cellular microtubule network in apoptotic cells. Regarding the time course, we showed that the induction of PUMA in DLD-1.PUMA cells could be identified as early as 20 to 30 minutes (Fig. 1D and 4C ) after induction followed by ROS generation at f30 minutes (Fig. 2C, a  and g ), stathmin degradation at f40 minutes, and disruption of cellular microtubule network at f2 to 4 hours (Fig. 5A, c and d) . We also showed stathmin degradation could be induced by H 2 O 2 treatment in DLD-1 cells independent of p53 and PUMA (Fig. 4D) . Based on the results, we suggest that PUMA induces apoptosis, in part by generating ROS and altering protein expression, such as proteasome-mediated stathmin degradation. Down-regulation of stathmin, together with other regulated proteins, directly or indirectly regulate the cell microtubule network in apoptotic cells.
Mitochondrial translocation and multimerization of Bax is a critical event in mitochondrial-mediated apoptosis. PUMA, a mitochondrial membrane protein, induces apoptosis by translocating functional BAX complexes onto the mitochondrial outer membrane (26, 47) . We found that BAX-inhibiting peptide not only blocks formation of functional BAX on the mitochondrial membrane but also greatly (>90%) inhibited the generation of ROS in PUMAoverexpressing cells. It has been shown that ROS formation during neuronal cell death occurs downstream from Bax translocation (21, 48, 49) . There are several questions that deserve further investigation. First, PUMA seems to induce ROS generation through functional BAX on the mitochondrial membrane and BAX has been shown to function as a pore to ''release'' cytochrome c from mitochondria (3, 6, 50) , this raises the question as to how functional BAX induces ROS generation and whether mitochondrial BAX may function as a pore/transporter to release ROS? Second, does stathmin serve as a ROS sensor in the cytosol that ''transports'' ROS-initiated signals to other organelles, such as nucleus? A better understanding of the molecular bases of ROS-induced apoptosis will not only benefit cancer therapeutics but also other diseases such as atherosclerosis, neurologic diseases, and AIDS. Finally, DLD-1.PUMA cells provide an excellent model for genomics and proteomics investigation of oxidative stress-induced apoptosis.
